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ABSTRACT: The encapsulation of coordination complexes
in a tetragonal prismatic nanocage (1·(BArF)8) built from Zn-
porphyrin and macrocyclic Pd-clip-based synthons is described.
The functional duality of the guest ligand L1 allows for its
encapsulation inside the cage 1·(BArF)8, along with the simu-
ltaneous coordination of ZnII, CuII, or FeIII metal ions. Remark-
ably, the coordination chemistry inside the host−guest adduct
L1⊂1·(BArF)8 occurs in both solution solution and solid state.
The resulting conﬁned metallocomplexes have been charac-
terized by means of UV-vis, ESI-HRMS, NMR, and EPR tech-
niques. Furthermore, the emission of the Zn-porphyrin ﬂuorophores of 1·(BArF)8 is strongly quenched by the encapsulation of
paramagnetic complexes, representing a remarkable example of guest-dependent tuning of the host ﬂuorescence.
■ INTRODUCTION
Zn, Cu, and Fe metal ions are bioelements present in trace
levels in virtually all living organisms.1 They are essential for
life, and many of their basic functions arise from their participa-
tion in the active site of metalloproteins, which perform a wide
range of chemical transformations in a highly eﬀective manner
that have yet to be achieved by artiﬁcial systems. The isolated
and constrained environment provided by enzymatic cavities
maximizes both their eﬃciency and selectivity, because of a
highly eﬃcient substrate recognition ability, along with control
of the nuclearity of the metal center.2 Therefore, designing or
discovering mechanisms and methodologies to generate and
stabilize conﬁned metallocomplexes in synthetic systems is key
to the exploration of structural and functional models of the
unique chemistry found in metalloenzymes. Aiming at improv-
ing the classical biomimetic strategy for the conception of a
model compound, which relies on the mimicry of the ﬁrst
coordination sphere of the metal site, porous supramolecular
entities have been proven to be remarkably eﬃcient as models
of the second (and further) coordination sphere found in
metalloenzymes. Conﬁned metallocomplexes can be obtained
following diﬀerent strategies:
(a) the inclusion of the metallocomplex within a protein
scaﬀold to obtain artiﬁcial metalloproteins;3
(b) by building an organic architecture over the complex to
obtain covalent capsules such as deep cavitands,4 calix[6]-
arenes,5 or hemicryptophanes;6
(c) by solid-state coordination chemistry within heterogeneous
structures, such as metal-organic frameworks (MOFs);7 or
(d) by host−guest encapsulation within self-assembled coor-
dination capsules.8
It is in this last category that Fujita, Clever, Raymond and
Bergman have shown remarkable host systems where organo-
metallic Mn-,9 Pt-,10 Ir-,11 Rh-,12 Ru-,13 or Au-based,14 com-
plexes and fragments are bound inside metal−organic cages.
The recent developments of coordination-driven self-assembly
have led to the preparation of discrete architectures displaying
various three-dimensional geometries with versatile building
blocks.15 Among them, Zn-porphyrin-based supramolecular
structures have attracted much attention. The self-assembly of
toogle nanoswitch,16 molecular barrels with porphyrinic walls,17
coordination prisms with porphyrinic faces,18 and even multi-
porphyrin cages19 has been successfully described using
diﬀerent bridging metals (Pd, Pt, Zn). Furthermore, the useful-
ness of porphyrin-based capsules for versatile applications rang-
ing from binding and separation of fullerenes,20 spin cross-
over,21 cooperative binding of anionic and neutral guest
species,22 to isolation of metallo-catalysts aiming at performing
catalysis in a conﬁned space,23,24 have been recently established.
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However, to the best of our knowledge, the conﬁnement of bio-
logically relevant metal ions having a bioinspired ﬁrst coordina-
tion sphere, inside a well-deﬁned self-assembled supramolecular
cage, thus modeling a second coordination sphere, has yet to be
described.
In this article, we present the design, preparation, and
characterization of a novel supramolecular system integrating
the principles of self-assembly, host−guest chemistry, and coor-
dination chemistry in both solution and solid-state. We report
the study of zinc, copper, and iron-based complexes entrapped
in the self-assembled tetragonal prismatic cage 1·(BArF)8.
The previously reported nanocage 1·(BArF)8 consists of two
opposing Zn-porphyrins bound by four bridging macrocyclic
walls interconnected by PdII−carboxylate bonds (Figure 1).
The coordination of exogenous metals within 1·(BArF)8 was
reached through the encapsulation of the guest L1, which can
(i) strongly bind to the cage via a bipyridine anchor and
(ii) coordinate metal ions with its pendent bispicolylamine arm
(Figure 1).
We demonstrate that the ligand L1 and its corresponding Zn
II,
CuII, and FeIII complexes are anchored to the vessel 1·(BArF)8
through the predictably directional (Zn-porphyrin)···(4,4′-
bipyridine)···(Zn-porphyrin) coordination bonds. We observed
that the guests L1 and its corresponding Zn-complex are both
freely rotating inside 1·(BArF)8 around the Zn···Zn axis. Finally,
a guest-dependent tuning of the ﬂuorescence emission of the
porphyrin-based capsule 1·(BArF)8 upon accommodation of
L1 or the paramagnetic L1-Cu
II- and L1-Fe
III-complexes is
described. Overall, this work aims at providing a new tool for
exploring coordination chemistry in a conﬁned space, oﬀering
a bridge between the supramolecular chemistry of metal−
organic cages and the synthetic small-molecule bioinorganic
models.
■ RESULTS AND DISCUSSION
Design and Synthesis of the Ligand L1. The cage
1·(BArF)8 has been reported as an eﬀective receptor for pyridine-
based guests, which are strongly bound through the well-known
ability of Zn-porphyrins to interact with pyridine moieties
(Figure 1b).24,25 Polypyridyl guests with diﬀerent intramolec-
ular Npyridine···Npyridine distances can be encapsulated thanks to
the structural ﬂexibility of the Pd-carboxylate bonds (Zn···Zn
distance in 1·(BArF)8 can vary from ∼11 Å to 14 Å). Among
them, the guest with the highest binding constant was 4,4′-
bipyridine (4,4′-bpy) (Ka > 108 M−1) attesting for an optimal
shape, relative disposition of the pyridines and Npyridine···Npyridine
distance.
On the other hand, N3 ligands based on the bis(2-pyridyl-
methyl)amine (BPA) unit (Figure 2) have been used aiming at
mimicking a poly(histidine) coordination environment com-
monly found in enzymes. Numerous examples of zinc, copper,
and iron complexes of BPA-based ligands have been reported.26
Based on (i) the strong aﬃnity between 1·(BArF)8 and
4,4′-bpy, and (ii) the well-described ability of the BPA motif to
coordinate biologically relevant metals, we designed ligand
L1, which consists of a derivative of 4,4′-bpy(Ald) with two
pendent pyridines connected via a pivotal amine at the meta-
position. The ligand L1 was synthesized following a two-step
synthetic strategy (Figure 2). First, a carbaldehyde substituent
was incorporated at the meta-position of the 4,4′-bpy(Ald)
by means of a Suzuki−Miyaura cross-coupling reaction.27
Then, reductive amination between 4,4′-bpy(Ald) and bis(2-
pyridylmethyl)amine (BPA) gave the targeted ligand L1 in 55%
yield.
Synthesis and Characterization of L1−Metal Com-
plexes. Aiming at avoiding the putative electrostatic repulsion
between the metal-cations and the highly charged (8+) nano-
capsule, the study focused on the coordination of metal-ion
salts with strongly bound halogen counterions (Cl, Br), which
forms neutral metal halides. We ﬁrst investigated the ability of
L1 to form metallo-complexes through metal coordination at its
Figure 1. (a) Schematic representation of the building block used for
the synthesis of the nanocapsule 1·(BArF)8. (b) Binding constants
(Ka) to the nanocage 1·(BArF)8 for the previously reported pyridine-
based ligands ((S)-α, 4,4′-bpy),24 (m-Py)exTTF,25 and the ligand L1
used in this study. Purple arrows show the directional binding of the
guests to both Zn-porphyrin units of 1·(BArF)8.
Figure 2. Synthetic strategy toward ligand L1.
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BPA moiety. The air-stable zinc(II), copper(II), and iron(III)
complexes of general formula L1Zn
II(Cl)2, L1Cu
II(Br)2, and
L1Fe
III(Cl)3 were prepared by reacting L1 with the appropriate
ZnII, CuII, and FeIII halide salts in MeOH, CH3CN, and THF,
respectively, at room temperature. The metalation occurred imme-
diately and the targeted compounds were precipitated with diethyl
ether, isolated by ﬁltration, and characterized by high-resolution
mass spectrometry (ESI-HRMS) (see Figures S1, S2, and S3
in the Supporting Information). The diamagnetic L1Zn
II(Cl)2
complex was also characterized by one-dimensional (1D) and
two-dimensional (2D) nuclear magnetic resonance (NMR) (see
Figures S4 and S5 in the Supporting Information). The para-
magnetic L1Cu
II(Br)2 and L1Fe
III(Cl)3 complexes aﬀorded sin-
gle crystals suitable for X-ray diﬀraction (XRD) (see Figure 3).
The structure of the monomeric complexes L1Cu
II(Br)2
28 and
L1Fe
III(Cl)3
29 show Cu and Fe centers in standard square
pyramidal and distorted octahedral geometries, respectively
(Figure 3). Importantly, the 4,4′-Bpy motif in these structures
do not interact with the metal ions, remaining available for
the expected anchoring within 1·(BArF)8. Furthermore, the
NPy···NPy distance in the 4,4′-bpy moieties of L1CuII(Br)2 and
L1Fe
III(Cl)3 was found to be, respectively, 7.102 and 7.134 Å,
which are perfectly suitable distances to bind simultaneously to
both Zn-porphyrin units of 1·(BArF)8.
Preparation and Characterization of the Host−Guest
Adduct L1⊂1·(BArF)8. We then investigated the host−guest
interaction between cage 1·(BArF)8 and L1 by UV-vis titration
experiments (see Figure S7 in the Supporting Information).
Titrations monitored the bathochromic shift of the porphyrin
Soret band (from 424 to 427 nm) exhibiting clean isosbestic
points, and resulted in a binding constant of Ka = (1.59 ± 0.19) ×
106 M−1. This high association constant is similar to the one pre-
viously reported for the pyridine-based ligands (S)-α (Figure 1)
and strongly suggests that L1 is bound inside 1·(BArF)8 in a
ditopic fashion, similar to that observed for 4,4′-bpy or (S)-α.24
ESI-HRMS analysis unambiguously supports the formation
of L1⊂1·(BArF)8 in a 1:1 stoichiometry (Figure S8 in the
Supporting Information). Importantly, only traces of the empty
1·(BArF)8 could be detected in the MS spectra, reﬂecting a
strong binding also in the gas phase.
The detection of L1⊂1·(BArF)8 was further conﬁrmed by
tandem MS/MS experiments. Indeed, when the mass-selected
[L1⊂1·(BArF)1]7+ complex (m/z = 909.9; 7+) was subjected to
collision-induced dissociation (CID), an isotopic pattern corre-
sponding to the empty cage [1·(BArF)1]7+ (m/z = 857.3; 7+)
was observed; a collision energy of 15 eV was needed to observed
a total dissociation (Figure S9 in the Supporting Information).
The 1H NMR spectrum of the L1⊂1·(BArF)8 adduct displays
well-deﬁned signals between 4.0 and 7.2 ppm (see Figure S10
in the Supporting Information) corresponding to the encapsu-
lated ligand L1. The assignment of these resonances was perfor-
med by the analysis of 2D COSY, NOESY, and HSQC spectra
(Figure S11, S12, and S13 in the Supporting Information).
When encapsulated, the L1 signals experience a strong upﬁeld
chemical-shift eﬀect, because of the proximity to the porphyrin
moieties of the cage. Interestingly, a stronger eﬀect was observed
on the aromatic protons belonging to the 4,4′-bpy moiety of L1
(resonating between 2.14 ppm and 4.62 ppm). In particular,
protons at the α-position of the 4,4′-bpy unit (resonating at
2.14 and 2.18 ppm) are displaying the strongest upﬁeld shift,
conﬁrming their close proximity with the aromatic porphyrin ring
resulting from coordination between the 4,4′-bpy moiety and
the Zn porphyrin moieties of 1·(BArF)8. On the other hand,
the aromatic protons belonging to the BPA moiety of L1 retain
the original symmetry of the free ligand and experience a less-
intense upﬁeld-chemical shift, with resonances at 5.70, 6.27,
6.56, and 7.27 ppm when encapsulated (7.14, 7.29, 7.61, and
8.47 ppm, respectively, for the free L1). The latter indicates that
the BPA moiety of L1, on average, is farther from the porphyrin
rings of 1·(BArF)8. Therefore, the two pendent pyridines
connected via a pivotal amine present in L1 interact minimally
with the Zn-porphyrins, remaining available for the complex-
ation of exogenous metals.
With respect to the signals belonging to cage 1·(BArF)8, the
encapsulation of L1 leads to moderate upﬁeld shifts of the sig-
nals corresponding to some of the aromatic protons of the cage
(Figure 4). Interestingly, in the 1H NMR spectrum of L1⊂1·
(BArF)8 at room temperature, the aromatic protons “h” and “j”
of the Zn-porphyrins, which are pointing inside the cavity,
appeared doubled. At lower temperature (278 K), all signals of
the porphyrin units are split into two diﬀerent signals each,
including the pyrrole protons that appear as two separated sin-
glets at 8.64 and 8.61 ppm (see Figure 4, as well as Figure S14
in the Supporting Information). Therefore, the encapsulation of
L1 is breaking the D4h symmetry initially found in the empty
Figure 3. ORTEP (ellipsoids, 50% probability) diagrams of the X-ray
crystal structures of (a) L1Cu
II(Br)2 and (b) L1Fe
III(Cl)3.
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tetragonal prismatic cage 1·(BArF)8. Indeed, the resulting host−
guest complex is nonsymmetrical, with respect to the north/
south and east/west faces. In theory, four pyrrole peaks should
be observed. In practice, only two pyrrole signals of the same
intensity (north/south) were observed in the low-temperature
NMR experiments, indicating a fast rotation of L1 within
1·(BArF)8 between four equivalent conformations (C4 symmetry
along the Zn−bpy−Zn axis). Remarkably, all protons of the
encapsulated L1 display well-deﬁned
1H signals (at 298 and 243 K
in CD3CN), indicating that the conﬁned ligand remains sym-
metric. The retention of the encapsulated L1 symmetry reveals a
fast dynamic behavior, even at a low temperature (Figure S14).
L1 rotation within 1·(BArF)8 was very fast on the NMR time
scale, even at 243 K, so that activation parameters for guest
rotation could not be determined. This behavior strongly
contrasts with the reported encapsulation of the polypyridine
guests (S)-α,24 and (m-Py)exTTF,25 which exhibit single sig-
nals and very broad set of signals at 298 K, and two set of
signals at 243 K, revealing steric clashes between host and
guest, leading to a complex dynamic process at 298 K and the
loss of the guest symmetry at 243 K.
The large binding constant value calculated for L1⊂1·
(BArF)8 (Ka = (1.6 ± 0.3) × 10
6 M−1), together with the loss of
the cage symmetry (north/south) observed upon encapsulation
of L1, indicate that no dissociation/re-encapsulation processes
occur on the NMR time scale, the guest orientation being
maintained in L1⊂1·(BArF)8. This is supported by the DOSY
1H NMR experiments of a mixture of 1·(BArF)8 and L1 that
clearly show that the encapsulated L1 signals exhibits the same
diﬀusion value than the host cage (hydrodynamic ratio of
18.5 Å; see Spectra S7 in the Supporting Information).
Preparation of the Encapsulated ZnII, CuII and FeIII
Complexes of L1⊂1·(BArF)8. Host−guest adducts of general
formula L1Zn
II(Cl)2⊂1·(BArF)8, L1CuII(Br)2⊂1·(BArF)8 and
L1Fe
III(Cl)3⊂1·(BArF)8 were prepared by reacting L1⊂1·
(BArF)8 with stoichiometric amounts of ZnCl2, CuBr2, and
FeCl3 in CH3CN at room temperature.
30 Upon 15 min of stirr-
ing, the targeted compounds were isolated after crystallization
by slow diﬀusion of diethyl ether. The resulting host−guest
adducts were characterized by means of 1D and 2D 1H NMR
spectroscopy, as well as by EPR in the case of the paramagnetic
CuII complex.
Figure 4. Partial 1H NMR spectra (CD3CN, 600 MHz) of 1·(BArF)8
at 298 K and temperature dependence of the 1H NMR spectra of
L1⊂1·(BArF)8. Pyrrole protons appear in violet.
Figure 5. 1H NMR (CD3CN, 400 MHz, room temperature) assignment of free and encapsulated 4,4′-bpy,24 L1, and L1Zn(Cl)2 (this study).
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By comparison with L1⊂1·(BArF)8, the 1H NMR spectrum
of the encapsulated Zn-complex L1Zn
II(Cl)2⊂1·(BArF)8 dis-
plays a new set of signals (Figure S15 in the Supporting
Information), which can be assigned to the aromatic protons of
the conﬁned L1Zn
II(Cl)2 from the evident COSY cross-peaks
and analysis of the HSQC spectra (see Figures S16 and S17 in
the Supporting Information). Compared to L1⊂1·(BArF)8, the
signals corresponding to L1 are slightly shifted in L1Zn
II(Cl)2⊂1·
(BArF)8 with a strong downﬁeld shift occurring on the protons
at the α-position of the two pendent pyridines of the BPA
moiety (resonating at 8.31 ppm), which remain equivalent (see
Figures 5 and 6a).
Compared to the free L1Zn
II(Cl)2 complex (see Figure 5, as
well as Figures S4 and S5), the signals corresponding to the
4,4′-bpy and the BPA moiety in L1ZnII(Cl)2⊂1·(BArF)8 are
experiencing a strong and a moderate upﬁeld shift, respectively.
This diﬀerence in the shifting strength unambiguously conﬁrms
the encapsulation of the ZnII complex within 1·(BArF)8) through
the simultaneous interaction of its 4,4′-bpy anchor with the two
Zn-porphyrins units. DOSY-NMR experiments also support
the encapsulation, since signals of the encapsulated complex
L1Zn
II(Cl)2 present the same diﬀusion coeﬃcient as the cage
(Spectra S8 in the Supporting Information). The 1H NMR spec-
trum of L1Zn
II(Cl)2⊂1·(BArF)8 at room temperature displayed
two separated singlets at 8.66 and 8.84 ppm, assigned to the
nonsymmetrical pyrrole protons of the two Zn-porphyrins (north
and south) of 1·(BArF)8 (Figure S15). Furthermore, all aromatic
protons of the encapsulated L1Zn
II(Cl)2 complex display well-
deﬁned 1H signals at 298 K in CD3CN, indicating that the
methylpyridine arms in conﬁned complex remain symmetrically
equivalent (Figure 6a). Thus, similar to L1⊂1·(BArF)8, a fast
rotation of L1Zn
II(Cl)2 in 1·(BArF)8 around the Zn−bpy-Zn
axis is observed, and no apparent steric clashes exist between
host and guest upon formation of the metallo-complex.
Variable-temperature 1H NMR studies reveals a line-broad-
ening eﬀect at low temperature (248 K) on the signals at 6.42,
6.29, and 5.79 ppm corresponding to the pyridine protons of
the BPA moiety of L1, while aromatic protons of the bpy unit
(4.58 and 4.49 ppm) kept resonating as sharp signals (Figure 6b).
The spatial proximity between L1 and cage protons was also
conﬁrmed by NOESY contacts (Figure S18 in the Supporting
Information). Lowering the ﬂexibility of the BPA-pyridine units
upon decreasing the temperature can explain such behavior.
However, the fast rotation of L1Zn
II(Cl)2 along the Zn−Zn axis
is maintained at 248 K (retention of the symmetry east/west;
see Figure S19 in the Supporting Information).
The 1H NMR spectrum of the L1Cu
II(Br)2⊂1·(BArF)8 host−
guest complex at room temperature displayed key indicative
features of metal coordination to L1⊂1·(BArF)8; most obvious
is a strong line broadening due to paramagnetism of the signal
corresponding to the pyrrole protons of the zinc porphyrin, illus-
trating a loss of the cage symmetry north/south (see Figure S20
in the Supporting Information). The 1H NMR spectrum of
L1Fe
III(Cl)3⊂1·(BArF)8 at room temperature also displayed a
strong splitting of the signal of the pyrrole protons of the two
Zn-porphyrin units, which resonate at 8.62 and 8.60 ppm
(Figure S22 in the Supporting Information). The signal corre-
sponding to the protons of the BPA moiety of L1 can no longer
be detected, indicating the coordination of the paramagnetic CuII
and FeIII cations. Interestingly, in the case of L1Cu
II(Br)2⊂1·
(BArF)8, resonances at 4.76 and 4.72 ppm with 2D COSY
crossed peaks at 2.25 and 2.47 ppm, respectively, were attributed
to the 4,4′-bpy moiety (see Figure S21).
The conﬁned paramagnetic CuII center was further studied
by recording EPR spectra of L1Cu
II(Br)2 and L1Cu
II(Br)2⊂1·
(BArF)8 at 77 K. The EPR spectra of L1Cu
II(Br)2 and
L1Cu
II(Br)2⊂1·(BArF)8 in acetonitrile are clearly distinct, illus-
trating the selective conﬁnement of the CuII complex in
1·(BArF)8 (Figure 7). For the free L1CuII(Br)2 complex, only a
broad isotropic signal, characteristic of BPA-based CuN3Br2
and CuN3Cl2 complexes, was observed (Figure 7a).
31−33 This
signal broadening can be explained by intermolecular metal ion
spin−spin interactions.34 The EPR spectrum of L1CuII(Br)2
recorded in butyronitrile, a solvent with a lower dielectric con-
stant, which is expected to minimize magnetic interactions
between Cu centers,33,35 instead gave a well-resolved axial CuII
signal (Figure 7b), further supporting this assumption. Impor-
tantly, the EPR spectrum of L1Cu
II(Br)2⊂1·(BArF)8 in CH3CN
is markedly diﬀerent (Figure 7c); it shows an axial anisotropy
with a rhombic distortion. A very similar EPR spectrum is
obtained for L1Cu
II(Br)2⊂1·(BArF)8 in butyronitrile (Figure 7d),
indicating the presence of similar coordination environments
inside the cage, irrespective of the solvent (Note: Red lines in
Figure 7 represent simulations determined by using the param-
eters given in Table 1).
Therefore, cage 1·(BArF)8 clearly acts as a second coordi-
nation sphere preventing magnetic communication between the
Cu complexes. Similar observations (well-resolved axial aniso-
tropic signal) have been reported by the attachment of bulky
bioconjugates to BPA-based CuII complexes, which prevent
intermolecular Cu−Cu spin−spin interactions.31,31 The gain of
Figure 6. (a) 1H NMR spectra (CD3CN, 400 MHz) of 1·(BArF)8),
L1⊂1·(BArF)8 and L1ZnII(Cl)2⊂1·(BArF)8 at 298 K (depicted region
4.2−8.4 ppm). (b) Temperature dependence of the 1H NMR spectra
(CD3CN, 600 MHz) of L1Zn
II(Cl)2⊂1·(BArF)8 (enlarged region:
4.5−6.5 ppm). Peak labeled with an asterisk (*) corresponds to
CH2Cl2.
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anisotropy of a cobalt-porphyrin derivative upon its encapsu-
lation in a supramolecular cage also has been reported.23c
Solid-State Coordination of ZnII, CuII, and FeIII for Pre-
paration of Complexes of L1⊂1·(BArF)8. Taking advantage
of the orthogonal solubility in Et2O between L1⊂1·(BArF)8
(insoluble) and the ZnCl2, CuBr2 and FeCl3 salts (soluble), we
explored the possibility of performing solid-phase coordination
of the neutral salts using L1⊂1·(BArF)8. Performing solid-state
chemistry within a well-deﬁned molecular cage is particularly
challenging, since the close packing of molecular cages in the
solid state often prevents guest entry.36 However, in light of
(i) the remarkable spongelike behavior of the cage 1·(BArF)8,
which can perform solid-phase fullerene encapsulation,37 and
(ii) the fast motion of the encapsulated L1, observed at low
temperature (243 K), L1⊂1·(BArF)8 can be considered as a
good candidate toward solid-phase coordination chemistry in a
molecular cage. Few crystals of the L1⊂1·(BArF)8 host−guest
adduct were soaked in a solution of ZnCl2, FeCl3 in Et2O, or CuBr2
in a Et2O/CH3OH 99:1 solvent mixture (15 mM, ∼20 equiv)
and slowly stirred for 15 min. In the case of CuBr2 and FeCl3,
the color of the crystals rapidly turned from bright pink to dark
purple (Figure S23 in the Supporting Information). The result-
ing crystalline materials were then washed thoroughly with neat
Et2O (20 h of stirring), evaporated to dryness, and dissolved
in CH3CN. ESI-HRMS analysis unambiguously supported the
formation of L1Zn
II(Cl)2⊂1·(BArF)8 (see Figure 8, as well as
Figure S24 in the Supporting Information), L1Cu
II(Br)2⊂1·
(BArF)8 (Figure S26 in the Supporting Information) and
L1Fe
III(Cl)3⊂1·(BArF)8 (see Figure 9, as well as Figure S27 in
the Supporting Information) in a 1:1 stoichiometry. Zn-, Cu-,
and Fe-coordination by the encapsulated ligand in L1⊂1·(BArF)8
was further conﬁrmed by tandem MS/MS analysis.
When the mass-selected [L1Zn
II(Cl)2⊂1·(BArF)1]7+ complex
(m/z = 929.5; 7+) was subjected to CID, isotopic patterns cor-
responding to the empty [1·(BArF)1·Cl]6+ (m/z = 1006.4; 6+),
and the Zn-complex [L1Zn
IICl]+ (m/z = 466.1; 1+) were
observed; a collision energy of 15 eV was needed to observe a
total dissociation (see Figure S25). This collision energy is sim-
ilar to that needed for the total dissociation of L1⊂1·(BArF)8,
indicating similar interaction strength (Figure S9).
CID of the mass-selected [L1Cu
II(Br)2⊂1·(BArF)1]7+ com-
plex (m/z = 941.9; 7+) gave an isotopic pattern corresponding
to the empty [1·(BArF)1·Br]6+ (m/z = 1013.5; 6+) and the Cu
complex [L1Cu
IIBr]+ (m/z = 511.0; 1+); a collision energy of
10 eV was needed to observed a total dissociation (Figure S27).
In the case of the iron complex, a collision energy of 10 eV was
also needed to observe a total dissociation of the mass-selected
[L1Fe(Cl)3⊂1]8+ (m/z = 708.7; 8+), leading to an isotopic pat-
tern corresponding to the empty [1·Cl]7+ (m/z = 739.3; 7+),
and [L1Fe
III(Cl)2]
+ (m/z = 493.0; 1+) (Figure 9). These col-
lision energies are lower than that needed for the total dis-
sociation of L1⊂1·(BArF)8 (15 eV) indicating a weaker interac-
tion in the gas phase for the CuII and FeIII-based guests.
Host−Guest Studies by UV-vis Titration and Fluo-
rescence Quenching Studies. The eﬀect of the encapsula-
tion of metallo-complexes over the absorption and emis-
sion properties of the cage 1·(BArF)8 was studied through UV-
vis titration and ﬂuorescence measurements. As observed
in their X-ray structure, the 4,4′-bpy unit of L1CuII(Br)2 and
L1Fe
III(Cl)3 remains available for coordination. Therefore, UV-
vis titration experiments between the nanocapsule and these
free-diﬀusing complexes have been performed in order to deter-
mine the association constant values. UV-vis titrations experi-
ments of the host−guest interaction between 1·(BArF)8 and
L1Cu
II(Br)2 or L1Fe
III(Cl)3, indicate the formation of the
Figure 7. EPR spectra at 77 K of L1Cu
II(Br)2 (0.5 mM) in
(a) acetonitrile and (b) butyronitrile and of L1Cu
II(Br)2⊂1·(BArF)8
(0.5 mM) in (c) acetonitrile and (d) butyronitrile. Solid black lines
represent the experimental spectra and red lines are simulations by
using the parameters given in Table 1.
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L1Cu
II(Br)2⊂1·(BArF)8 and L1FeIII(Cl)3⊂1·(BArF)8 adducts
in a 1:1 stoichiometry (Job plot; see Figures S27 and S29 in the
Supporting Information). Both UV-vis titrations display bath-
ochromic shifts of the Soret band from the porphyrin units
(Figure 10), exhibiting isosbestic points. Calculations based on
the Soret shift result in binding constants of Ka = (1.77 ± 0.09) ×
105 M−1 and Ka = (1.42 ± 0.06) × 10
5 M−1 for L1Cu
II(Br)2 and
L1Fe
III(Cl)3, respectively. These binding constants are one order
of magnitude lower, compared to L1 ((1.59 ± 0.19) × 10
6 M−1),
being in good agreement with the weaker interaction observed
in the gas phase (tandem MS/MS experiments) for both CuII-
and FeIII-based guests.
Host−Guest Fluorescence Quenching Studies. Several
transition-metal complexes (NiII, CuII, AgII) are reported in
the literature as moderate to excellent excited-state quenchers.38
In particular, paramagnetic metal ions have been shown to
increase the quenching eﬃciency. The porphyrin photoexcited
singlet state was shown to be quenched through an intramo-
lecular photoinduced energy transfer process.39 These obser-
vations have led to the construction of ﬂuorescent metal ion
chemosensors based on porphyrin analogues, through the
development of porphyrin-metal receptor dyads.40,41 Terpyr-
idine, bipicolylamine, or 2,2′-dipyridylamine receptors covalently
linked to the periphery of porphyrin derivatives have been widely
used as eﬃcient metal ion chemosensors.42 On this basis, we
explored the possibility of a guest-induced quenching of the
metalloporphyrin-based ﬂuorescence of 1·(BArF)8 upon forma-
tion of the host−guest adducts involving paramagnetic metals,
such as in L1Cu
II(Br)2⊂1·(BArF)8 and L1FeIII(Cl)3⊂1·(BArF)8.
The ﬂuorescence spectra of the cage 1·(BArF)8 (2 × 106 M−1)
upon the addition of 2.0 equiv of L1, L1Cu
II(Br)2, or
L1Fe
III(Cl)3,
43 were recorded in a CH2Cl2/CH3CN 9:1 solvent
mixture (Figure 11). Fluorescence areas of 180 000, 416 000,
101 000, and 74 000 were found for 1·(BArF)8, L1⊂1·(BArF)8,
L1Cu
II(Br)2⊂1·(BArF)8, and L1FeIII(Cl)3⊂1·(BArF)8, respec-
tively. An increase in the ﬂuorescence intensity (by a factor
of 2.3) is observed when L1 is bound within 1·(BArF)8. This
behavior can be explained by the well-described pyridine axial
binding to Zn-porphyrin derivatives, which increase the absorp-
tion intensity (Q-bands) and therefore leads to improved
photosensitizing properties.44 Interestingly, a clear quenching
of ﬂuorescence upon encapsulation of paramagnetic complexes
is observed. The ﬂuorescence intensity of L1Cu
II(Br)2⊂1·(BArF)8
is 1.8 times lower than 1·(BArF)8 and 4.1 times lower than L1⊂1·
(BArF)8. A similar eﬀect is observed for L1Fe
III(Cl)3⊂1·(BArF)8
with a ﬂuorescence intensity that is, respectively, 2.4 and 5.6 times
lower than that of 1·(BArF)8 and L1⊂1·(BArF)8. Therefore, the
markedly diﬀerent ﬂuorescence observed upon encapsulation of
Table 1. EPR Spin Hamiltonian Parameters of L1Cu
II(Br)2 and L1Cu
II(Br)2⊂1·(BArF)8 Extracted from Simulations
a
sample solvent gx gy gz AII
L1Cu
II(Br)2 acetonitrile 2.10
L1Cu
II(Br)2 butyronitrile 2.06 2.07 2.23 172
L1Cu
II(Br)2⊂1·(BArF)8 acetonitrile 2.05 2.07 2.25 161
L1Cu
II(Br)2⊂1·(BArF)8 butyronitrile 2.05 2.07 2.26 154
aHyperﬁne values are given in Gauss.
Figure 8. (a) ESI-HRMS spectra of L1⊂1·(BArF)8. (b) ESI-HRMS
monitoring of the formation of L1Zn
II(Cl)2⊂1·(BArF)8 in solution
through the reaction of stoichiometric amounts of ZnCl2 in CH3CN at
room temperature. (c) ESI-HRMS monitoring of the formation of
L1Zn
II(Cl)2⊂1·(BArF)8 by Zn-coordination in solid state by soaking
crystals of L1⊂1·(BArF)8 in a solution of ZnCl2 in Et2O at room
temperature.
Figure 9. ESI-HRMS spectra of L1Fe
III(Cl)3⊂1·(BArF)x (top). ESI-
MS-MS analysis of the collision-induced dissociation (CID) of
[L1Fe
III(Cl)3⊂1]8+ host−guest complex (m/z = 708.7; 8+) (bottom).
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L1 (increase) or paramagnetic metallo-complexes (quenching)
conﬁrms the expected guest-dependent emission properties of
the host 1·(BArF)8.
■ CONCLUSION
In summary, we have shown that nanocapsule 1·(BArF)8 can be
used as a second coordination sphere model for the encapsula-
tion of metallocomplexes. The functional duality of the designed
ligand L1 allows for a strong anchoring into the cage 1·(BArF)8,
along with the simultaneous coordination of ZnII, CuII, and
FeIII metal ions, resulting in metallocomplexes entrapped in the
well-deﬁned cavity of 1·(BArF)8. 1H NMR studies of L1 and
L1Zn
II(Cl)2⊂1 allow for a remarkable characterization of the
metal coordination in the conﬁned space. This behavior strongly
diﬀers from previously reported polypyridine guests binding
1·(BArF)8, which were displaying broad and ill-deﬁned NMR
spectra, presumably due to steric clashes between the complex
and the nanocage, which limit the dynamic properties. Impor-
tantly, the synthesis of conﬁned metallocomplexes inside the
nanovessel 1·(BArF)8, was both achieved by coordination
chemistry in solution, as well as in the solid-state by soaking of
L1⊂1·(BArF)8 in ethereal solutions of the metal salts (ZnCl2,
CuBr2, and FeCl3). The development of well-deﬁned nano-
reactors, which can be used in both homogeneous or het-
erogeneous fashion, opens the door to the exploration of func-
tional models merging the high eﬃciency and recyclability
found in heterogeneous catalysis with the convenient character-
ization of homogeneous systems.
The prism 1·(BArF)8 displays two cofacial Zn-porphyrin
ﬂuorophores. We have demonstrated that the ﬂuorescence
emission of 1·(BArF)8 is strongly inﬂuenced by the encapsula-
tion of a guest. Indeed, the binding of the neutral L1 increased
the ﬂuorescence intensity by a factor of 2.3, whereas the inclu-
sion of the paramagnetic complexes L1Cu
II(Br)2 and L1Fe
III(Cl)3
resulted in a pronounced ﬂuorescence quenching, representing
a remarkable example of ﬂuorescent metal-ion sensor based on
host−guest interactions.
Overall, the host−guest complexes here reported are proof of
concept of the ability of self-assembled nanocages, containing
tunable metalloporphyrins and macrocyclic molecular clips, to
host bioinspired metallocomplexes and confer upon them a
second sphere coordination that isolates and protects them,
thus opening the possibility to study the intrinsic reactivity of
bioinspired species at the conﬁned space. We are currently
interested in the study of the behavior of conﬁned redox-active
CuI and FeII bioinspired complexes.
■ EXPERIMENTAL SECTION
Synthesis of 4,4′-bpy(Ald). 4,4′-bipyridine-2-carboxaldehyde was
obtained in a 30% yield by following a reported protocol.16
Synthesis of Ligand L1. 4,4′-Bipyridine-2-carboxaldehyde (100 mg,
0.54 mmol, 1.0 equiv) was dissolved in anhydrous methanol (9.5 mL).
Bis(2-pyridylmethyl)amine (BPA) (97 μL, 0.54 mmol, 1.0 equiv) and
two drops of glacial acetic acid were then added to the mixture. The
resulting mixture was reﬂuxed for 30 min. The reaction mixture was
cooled to 0 °C and sodium cyanoborohydride (68 mg, 1.08 mmol,
2.0 equiv) was slowly added under vigorous stirring. The mixture was
then slowly warmed to room temperature and stirred overnight. Then
4 mL of H2O and 6 mL of an aqueous Na2CO3 saturated solution
were added to the mixture. The mixture was then extracted with
dichloromethane (3 × 10 mL), dried over MgSO4, ﬁltered, and evap-
orated to dryness. The residue was puriﬁed by column chromatography
Figure 10. UV-vis monitoring of the titration of the nanocapsule
1·(BArF)8, with (a) L1CuII(Br)2 and (b) L1FeIII(Cl)3, at a ﬁxed total
concentration (1.12 × 10−6 M) of 1·(BArF)8 in a toluene/CH3CN
solvent mixture (9:1), together with the calculated binding constants
(Ka). In both cases, the ﬁnal absorbance spectra are corresponding to
the addition of 2.0 equiv of guest.
Figure 11. Superimposed ﬂuorescence emission spectra of 1·(BArF)8
(blue), and 1·(BArF)8 in the presence of two equivalents of L1 (L11·
(BArF)8, red), L1Cu
II(Br)2 (L1Cu
II(Br)21·(BArF)8, yellow) and
(L1Fe
III(Cl)3(L1Fe
III(Cl)31·(BArF)8, purple).
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on neutral alumina (eluent: hexane/EtOAc; 60:40 to EtOAc) to aﬀord
L1 as a yellow solid. Yield: 55%.
1H NMR (400 MHz, CDCl3)
δ ppm: 8.94 (s, 1H, ArH), 8.63 (dd, 2H, ArH), 8.54 (d, 1H, ArH), 8.47
(dd, 2H, ArH), 7.61 (td, 2H, ArH), 7.29 (d, 2H, ArH), 7.21 (dd, 2H,
ArH), 7.14 (t, 2H, ArH), 7.09 (d, 1H, ArH), 3.73 (s, 2H, bpy-CH2
−),
3.68 (s, 4H, (py-CH2
−)2). HRMS (ESI, [M + H]
+): m/z calcd for
C23H21N5H 368.1870, found 368.71. HRMS (ESI, [M + Na]
+): m/z
calcd for C23H21N5Na 390.1689, found 390.1698.
Synthesis of L1Zn
II(Cl)2. A solution of ZnCl2 (9 mg, 0.066 mmol,
1.01 equiv) in MeOH (1 mL) was added at room temperature to a
stirred solution of L1 (24 mg, 0.065 mmol, 1.0 equiv) in MeOH
(1 mL). The mixture was stirred at room temperature and, within
1 min, a white precipitate formed. The reaction was allowed to con-
tinue for 30 min. The white precipitate was collected by ﬁltration
through a frit, washed with a small amount of methanol and dried
in vacuo to give L1Zn
II(Cl)2 in a 56% yield.
1H NMR (400 MHz,
CDCl3) δ ppm: 8.95 (d, 2H, ArH), 8.70 (d, 1H, ArH), 8.67 (s, 1H,
ArH), 8.66 (d, 2H, ArH), 7.96 (td, 2H, ArH), 7.53 (t, 2H, ArH), 7.45
(d, 2H, ArH), 7.43 (d, 1H, ArH), 7.20 (d, 2H, ArH), 4.07 (s, 2H,
bpy-CH2
−), 3.82 (s, 4H, (py-CH2
−)2). HRMS (ESI, [M − Cl]+):
m/z calcd for C23H21N5ZnCl 466.0771, found 466.0923. (ESI,
[M + Na]+): m/z calcd for C23H21N5ZnCl2Na 526.0329, found
526.0316.
Synthesis of L1Cu
II(Br)2. A solution of CuBr2 (12 mg, 0.054 mmol,
1.0 equiv) in CH3CN (1.5 mL) was added at room temperature to a
stirred solution of L1 (20 mg, 0.054 mmol, 1.0 equiv) in CH3CN
(1.5 mL). The mixture was stirred for 10 min and an excess of Et2O
was added. A green precipitate formed and was collected by ﬁltra-
tion through a frit. Yield: 75%. Suitable crystals for X-ray analysis
were obtained by vapor diﬀusion of Et2O into a CH3CN solution.
HRMS (ESI, [M − Br]+): m/z calcd for C23H21N5CuBr 511.0251, found
511.0293. HRMS (ESI, [2 M − Br]+): m/z calcd for C46H42N10Cu2Br3
1100.9691, found 1100.9752.
Synthesis of L1Fe
III(Cl)3. A solution of FeCl3 (14 mg, 0.086 mmol,
1.1 equiv) in THF (2 mL) was added at room temperature to a stirred
solution of L1 (29 mg, 0.078 mmol, 1.0 equiv) in THF (2 mL).
The mixture was stirred for 10 min and an excess of Et2O was added.
A yellow precipitate formed and was collected by ﬁltration through
a frit. Yield: 82%. Suitable crystals for X-ray analysis were obtained
by vapor diﬀusion of Et2O into a CH3CN solution. HRMS (ESI,
[M − Cl]+): m/z calcd for C23H21N5FeCl2 493.0519, found 493.0528.
(ESI, [M + Na]+): m/z calcd for C23H21N5FeCl3Na 551.0105, found
551.0113.
Preparation of L1⊂1. Nine milligrams (9 mg) of the nanocapsule
1·(BArF)8 (0.75 μmol, 1 equiv) were dissolved in 600 μL of CH3CN.
Then 1 equiv of L1 dissolved in CH2Cl2 (3.23 × 10
−4 M) was added.
The mixture was stirred at room temperature for 15 min, ﬁltered through
cotton, and recrystallized by diethyl ether diﬀusion. A quantitative yield
was obtained. ESI-HRMS (m/z): Calcd 2239.9378, found 2239.6236
({L1⊂1·(BArF)4}4+); Calcd 1619.1367, found 1619.1099 ({L1⊂1·
(BArF)3}
5+); Calcd 1205.4361, Found 1205.4260 ({L1⊂1·(BArF)2}6+);
Calcd 909.9356, Found 909.9300 ({L1⊂1·(BArF)}7+); Calcd 688.31,
found 688.3069 ({L1⊂1}8+).
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